Our aim is the study of magnetization phenomena of carbon powders consisting of graphene nanocones and nanodisks. Magnetization measurements were carried out using a superconducting quantum interference devices in magnetic fields −5 < B < 5 T for temperatures in the range 0.5 ≤ T < 300 K. We have observed that magnetization M depends on temperature T as a power law M ∝ T −α where the scaling exponent α = 0.79 ± 0.04 was determined. We found that the magnetization consists of a diamagnetic background and a paramagnetic contribution of localized spins. Considering saturation magnetization M S in the free spin magnetization model and diamagnetic susceptibility χ D for independent of temperature T we found that the effective spin value S increases from S = 1/2 at temperature T > 20 K to S = 3 at low temperatures 0.5 ≤ T ≤ 20 K.
I. INTRODUCTION
Study of the magnetic properties of graphene 1 and multilayer graphene stacks at low temperatures is one of methods which can shed light on quantum spin interactions in Dirac like systems and may pave a road to new applications. 2 Carbon allotropes show diamagnetism, 3 paramagnetism, 4 ferromagnetism, [5] [6] [7] and antiferromagnetism 8 whereby a carbon sample may show a magnetization consisting of a mixture of the previous effects. For example, point defects in graphene laminates 9 induce additional spin-half paramagnetisms to basal diamagnetisms.
First principles calculations 10 predicted that vacancy defects could induce either ferromagnetic or antiferomagnetic interactions. In highly ordered pyrolytic graphite (HOPG) samples irradiated by protons, ferromagnetic order was found using magnetization measurements 6 and x-ray dichroism method. 7 However, HOPG samples irradiated by neutrons, 11 where point defects are close enough to create long-ranged ferromagnetic ordering, showed free spin paramagnetisms.
4,9
Recent experiments using controlled zigzag edges of narrow graphene nanoribbons, 5 show magnetic ordering of spins at the nanoscale.
Spin-half paramagnetism and Curie law induced by point defects were observed in carbon samples.
4,9,11
Our study of raw carbon nanopowder (denoted HT-0) 12 shows paramagnetic behavior, however a spin-half paramagnetic approximation of magnetization is possible at low temperature T = 2K and magnetization M vs temperature T deviates from the expected Curie law. To verify the spin-half paramagnetic approximation at low temperatures T < 2 K as well as the validity of the Curie law in the case of a sample containing fewer defects and a less density of unpaired spins we investigated the properties of carbon nanoparticles which were heat treated to reduce the density of defects. 8 Magnetization measurements are analyzed and discussed considering an influence of residual metallic impurities, which were determined by the PIXE method, and the inner structure of nanoparticles. The nanoparticles consists of graphenes stacked in 3D nanocrystallites with a form and average size which were determined by Raman spectroscopy 13 and x-ray diffraction.
The paper is organized as follows. In Sec. II we characterize carbon nanoparticles, content of metallic impurities in carbon powder as well as in-plane size of graphene nanocrystallites.
Magnetization measurements are shown in Sec. III. The results are discussed in Sec. IV 3 followed by conclusions in Sec. V.
II. SAMPLE CHARACTERIZATION

A. Carbon nanoparticles
The graphitic-like carbon powder 14 used in this study was produced in an industrial, pyrolytic process that decomposes hydrocarbons into hydrogen and carbon using a plasma torch at temperatures above 2000
• C.
15
In order to improve the crystalline quality of the particles, i.e to reduce density of structural defects, additional annealing was done by heating the powder to high temperatures in an argon atmosphere for three hours followed by a slow natural cooling. The powder consists of flat nanocarbon disks (70%), open-ended carbon cones (20%), and a small amount of carbon black.
14,16,17
The carbon disks and cones exhibit diameters in the range of 500 − 4000 nm having wall thickness of typically 10 − 30 nm. Transmission electron microscopy (TEM) diffraction patterns show that these particles are multilayer carbon structures with a graphitic-like core and outer non-crystalline layers.
16,18
It was reported by Krishnan et al. shows the growth of the inner graphitic core with increasing annealing temperature starting from 10 − 30% of the disk thickness in the asproduced particles. Previous studies of structural properties of these nanocarbon powders have reported for the current samples a coherence length along the crystalline c-axis of 4.5 ± 0.8 nm.
20
Samples heat-treated at 1600
• C (denoted HT-1600) have been characterized as metallic, with a weak Anderson localization and antilocalization of charge carriers, and with 2D graphene-like electronic transport.
B. Metallic impurities in carbon powder
In order to determine any small trace of impurity elements in our carbon samples we used Proton Induced X-ray Analysis (PIXE).
21
PIXE is a very useful tool for determination of concentrations of trace elements in small quantities of material. It is often used for analysis of aerosol samples, where air dust or aerosol particulates are collected on the membrane filters and has also been used for the determination of the impurities (Fe, Cr and others)
in the carbon powders. The material was fixed on Cyclopore polycarbonate membranes of diameter 25 mm with the pore size 5 µm. Pure membrane was weighed (Mettler Toledo) first, and then material was deposited on a spot of diameter 5 mm and sample was weighed again.
The weight differences, i.e., amounts of the carbon material, were in the range 0.1 − 0.2 mg.
Taking into account the density of amorphous carbon, about 2000 kgm −3 , the thickness of the deposit was in the range 2 − 4 µm. For proton beam energy of 2 MeV and thin targets, the protons penetrate through the samples with negligible loss of energy.
The PIXE analyses were performed in the ion beam facility of the Czech Technical University. Proton beam of energy 2 MeV was obtained from a Van de Graaff accelerator.
Diameter of the beam spot on the target was 8 mm, so all carbon material on the sample was irradiated. Homogeneity of the beam was tested by a cylindrical probe. Samples were placed perpendicular to the beam axis, and a Si(Li) detector was collecting x-rays in a sector of angle 60
• . In order to attenuate the low energy part of the spectra, a foil of Mylar with thickness 356 µm was placed in front of the detector. For calibration, MicroMatter thin standard Fe was used. As the samples were thin, beam current was measured by a Faraday cup behind the sample. Exposition fluences were about 50 µC. In the same way, the original Cyclopore membranes were analyzed to check their purity. Spectra were calculated by the GUPIXWIN software package.
22
An example of PIXE spectrum of a pure filter is shown in C. In-plane crystallite size of graphene nanocrystallites Raman spectra 13 can be useful to determine in-plane crystallite size L a (nm) by applying the empirical relation
where R is the ratio of integrated intensities for the D and G Raman lines,
and E L is the excitation energy used, in our case E L = 2.33 eV. We note that the in-plane crystallite size of the HT-1600 powder L a = 4.5 nm calculated by using Eq. 1 and the coherence length along c axis, L c = 4.5 ± 0.8 nm determined from an x-ray study, 20 are almost identical.
III. MAGNETIZATION MEASUREMENT
We measured magnetization M vs temperature T in the range 0.5 ≤ T < 300 K, magnetization M vs magnetic field (magnetic flux density) B in the range −5 ≤ B ≤ 5 T. Magneti-6 zation measurements were carried out using a Quantum Design SQUID Magnetic Properties Measurement System (MPMS) and the sub-two-Kelvin iHelium3 insert for MPMS. Before each measurement we used a procedure to evaporate oxygen and vapors from the SQUID chamber to avoid effects of absorbed gases on the measurements. Magnetization data were carefully corrected considering the magnetization of the sample holder (gelatin capsule) and residual metallic impurities in the carbon powder in order to obtain the pure magnetization that is attributed to the carbon powder itself. We measured several samples, however, here we present the results of one typical sample.
A clear detection of the carbon magnetization is possible after careful removal of the signals from the metallic contamination (see below), mainly from Fe.
9,12
The saturation magnetization of metallic impurities in the HT-1600 powder is five times smaller than the saturation magnetization of the impurities in the raw material HT-0 reported previously 12 and it is much smaller than the saturation magnetization of the carbon in the sample.
Therefore, we attribute the magnetic properties at low temperatures of this sample to be due to changing electronic properties of the carbon nanoparticles rather than to the metallic contamination. 
with x = gµ B BS/k B T , S is the spin value, g is the Landé factor, µ B is the Bohr magneton, and k B is the Boltzmann constant. The saturation magnetization M S is given by
where N is the number of magnetic moments per unit volume. Since the magnetization does not reach saturation at high temperatures, we made the assumption that the saturation magnetization was independent of temperature, which in the current model means that the total number of spins is fixed.
Assuming that the only contribution to magnetization at room temperature (after subtraction of the diamagnetic background) is associated with residual metallic elements, mainly Fe, we estimate M S,T =300 K = (10.65 ± 1.35) × 10
, as a temperature independent ferromagnetic background signal. This value is consistent with the ferromagnetic background found at all the lower temperatures. Therefore, the isothermal magnetization loop M T =300 K (B) could be subtracted from all experimental isothermal loops for T < 300 K.
Experimental data after subtraction of the residual impurity magnetization at T = 300 K (M T =300 K (B) ) and the capsule magnetization are shown in Fig. 3 . The removal of the isothermal magnetization loop M T =300 K (B) is similar to the approach used in previous studies.
11,12
The isothermal magnetization loops shown in Fig. 3 were analyzed using ROOT software.
25
Graphs of magnetization M vs magnetic field B were approximated by Eqs.
4 and 5 where the carbon saturation magnetization M S , spin number S and diamagnetic susceptibility χ D were parameters.
At low temperatures 0.5 ≤ T < 2 K where magnetization saturates these fitting parameters were free. At higher temperatures T ≥ 2 K the parameter S was limited 0.5 ≤ S ≤ 3
and parameters M S and χ D were fixed to values which were determined for low temperature magnetization loops. We assume that the number of defects in the carbon structure that Assuming homogeneously distributed spins and using Eq. 3, we estimate a spin density
, which corresponds to an average separation of spins r = 5 nm at temperatures T > 20 K.
In order to further check the paramagnetic nature of the sample, we made Arrott plots 
IV. DISCUSSION
The HT-1600 sample show similar diamagnetic behavior as the raw material powder HT- , is two times the |χ D | found in our samples.
In the free spin model of magnetization, M vs T follows the Curie law. The graphs in Fig.   2 show similarities to ordinary paramagnetism, however we were not successful in fitting the magnetization M to a Curie law behavior M = C/T where C is the Curie constant. 4, 8, 9, 11 We found that the magnetization of the HT-1600 sample follows rather M ∝ T and also for doped semiconductors, certain rare-earth intermetallics, and insulating magnetic salts.
28
The exponent α < 1 indicates that there are magnetic spin interactions.
Spatially random Heisenberg spins in 3D space with antiferromagnetic coupling that interact through an exponentially decaying interaction vs separation 29 show an exponent α < 1. The exponent α < 1 was also found in insulating magnetic salts where there is an entangled quantum state of magnetic dipoles.
In this entangled quantum state, the spins do not have a tendency to freeze and magnetic susceptibility increases with decreasing temperature down to extremely low temperatures, but at a rate slower than the Curie law.
We also observe a tendency to increasing magnetization at low temperatures with rate slower than the Curie law ( Fig. 2 ), however the current results do not allow us to make conclusion about possible entanglement of spins. Magnetization measurements at ultra low temperatures (near 10 mK) are needed to demonstrate a non-freezing state of spins together with magnetization exponent α < 1.
Magnetization loops (Fig. 4) are well approximated by the Brillouin functions especially at B/T < 1 (Fig. 5) , i.e., the spin response on changing magnetic field is paramagnetic. The
Arrott plots show the same paramagnetic property with no indication of a phase transition.
For temperature T > 20 K, the spin number S = 1/2 agrees well with the earlier results from an as-produced material sample (HT-0) 12 at T = 2 K, and is also consistent with results from carbon based materials with induced point defects.
9,11
Assuming that saturation magnetization M S and diamagnetic susceptibility χ D are temperature independent, then the effective spin value S increases below T = 20 K where S = 3. Higher spin numbers S i.e S = 2 and S = 5/2 (at g = 2 and 2 ≤ T ≤ 50 K) than S = 1/2 were reported for laminates In our case, for multilayer graphene crystallites with size of ∼ 5 nm, the results show the high effective spin value S = 3 below T = 20 K, and a transition from S = 1/2 to S = 3 with decreasing temperature, which has not been reported for the laminates. We know that the planar L a size, the c-axis coherence length L c , and the average distance r among spins are comparable in size. Thus, the current spin density corresponds to just a few single unpaired spins per nearly-crystalline graphene-layer unit of volume ∼ L 2 a L c , and these spins will likely be located at the surfaces or grain boundaries of these crystalline graphene layer units. The existence of such edge states 30, 31 and zigzag segments 4 on the graphitic nanocrystals can modify the electronic band structure at low temperatures and can introduce some coupling among spins in a single graphene layer, or across layers. Recently it was reported 32 that multilayer graphene nanoribbons show a linear temperature dependence of the linewidth of ESR signal, which indicates a coupling between conduction π electron carriers and edge-state spins. One may speculate that a similar coupling may occur in our samples at low temperatures, and that this coupling may "dress" the defect edge-state spins by properties from the π-band electrons, giving rise to the observed increase in the effective spin value. Further ESR measurement will be needed to confirm this. It could be a probable alternative explanation that the effective spin S = 3 is a consequence of a coherent behavior of six unpaired spins at low temperatures.
Since the 3D nanocrystallites are randomly oriented inside the carbon particles and the particles are randomly packed in a sample, there is no long-range ordering of spins that can give rise to ferromagnetism. Macroscopically, the unpaired spins form an open 3D random network. Taking into account the large surface area and the presumably large number of grain boundaries and defects in this material, the average density of unpaired spins is relatively low, similar to what was reported for graphene laminates. 4 We characterize the magnetization process as paramagnetic despite the fact that the unpaired spins are close enough 11 to be ordered antiferromagnetically 8 of ferromagneticaly. 6, 7, 10 We have observed signature of coherent behavior of a few unpaired spins in small volumes, however the magnetic order is not extended into the whole sample.
V. CONCLUSIONS
We conclude that free, unpaired spins possibly located at the edges and zigzag segments of graphene-like nanocrystalites, show paramagnetic behavior down to low temperatures but with an exponent α < 1. However, future experimental studies at ultra low temperatures are needed in order to look for any tendency of freezing-out of these spins. Assuming fixed number of unpaired spins and a fixed saturation magnetization, the isothermal magnetization loops can only be modeled consistently by changing the effective spin value from S = 1/2 to S = 3 at low temperatures.
